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Abstract
Varistor ceramics  were prepared by spark  plasma sintering  (SPS) using  two  doped  zinc oxide based  powders.  Optimized  sintering cycle  for the
commercial  powder  (mixture of  oxides)  yielded  dense  parts  (>99%)  containing  mainly ZnO  grains (1 mm)  and  additional Bi2O3 and  Zn7Sb2O12
oxides. Sintering  at the low  oxygen partial  pressure inherent  to SPS  leads to the reduction  of  Bi2O3 into metallic  Bi. To  reduce  the  grain  size,
improve  the  distribution  of  dopants and  the grain size distribution,  we  used  co-precipitation  to  synthesize a  powder  with  the  same formulation as  the
commercial  powder. Due  to the  high reactivity of  this  powder, fully  dense parts were  obtained  at temperature  as  low  as  400 ◦C under  air  atmosphere
using  carbide  tools.  Such conditions  led  to  limited  ZnO grain growth and bismuth  reduction during the  thermal  cycle. The fine microstructure
obtained  led to  varistances  with  to  high  electrical properties  (threshold field  higher than 2300 V/mm).
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1.  Introduction
In  order  to make  the new  generation  of aircraft more  economi-
cal and thus  more  competitive  and for the protection  of  the envi-
ronment, manufacturers  have  sought  to  reduce  aircraft weight
by introducing a large proportion  of  composites. With  the  use  of
these new  types  of materials, the  flow of charges  during  lightning
strike will be  much  less effective  than  with  the use of traditional
conductive materials.  It  is  therefore  necessary  to  provide  better
protection for  the  electronic devices  on  board. As  a result,  more
compact and efficient varistors must be developed.  A  varistor  is
an electronic  component  with  highly  nonlinear current–voltage
characteristics. In 1979, Mahan  et  al.1 explained  this  highly
nonlinear behaviour  by electron  tunnelling  triggered  by hole
creation  in the doped ZnO.  In  1987,  Dorlanne  et  al.  brought
a different approach  to explain  the phenomenon  of conduction
by the action  of  holes  without  considering  a tunnelling  effect.2
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Moreover, Emtage3 has  shown that the  mean  breakdown volt-
age per  grain  in  the  ceramic  is less than  that of  an  isolated grain
boundary.
It was  therefore necessary  to  prepare ceramics  with a  thinner
microstructure than  those already available on the market.4–6
Indeed,  such a  microstructure  yields  a larger number  of  grain
boundaries  per  unit  volume  and  hence  allows  the  production  of
components  with identical performances  to those  currently  on
the market,  but  with  a lower weight and volume.
To achieve this  target,  spark  plasma  sintering  (SPS),  known
to increase  the kinetics  of material  densification, to reduce  the
sintering  temperature  and as  a consequence  to control  the  grain
growth, has been considered.7–10 Kougo  et  al.  studied  the spark
plasma  sintering of  non-doped  zinc  oxide.11 They  showed that
the grain  size of  the ceramics obtained  increases  (1 to  100 mm)
with sintering temperature  (450 to  1200 ◦C)  and consequently
their electrical  resistivity decreases.  Misawa  et al. studied the
influence  of current flow  through  ZnO  samples  during SPS.12
The  internal  temperature  of  the  sample  and its electrical  resis-
tance  were  monitored  during the  sintering  cycle.  It  was  shown
that a temperature  difference  of  200 K  occurs  between the
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specimen  (Ts) and  the  sintering  die (Td) during  the time  of max-
imum temperature  (Ts > Td). Ning  et  al. used an  extrusion tool
with SPS  to  obtain  ZnO  films, with  a  c-axis preferred  orien-
tation, in  order to  improve  the component’s  performances.13
Using  this  technique,  they  managed  to  reach  a large  number  of
grain  boundaries  per unit length suggesting  future implementa-
tion of  ceramics  of  lower thickness  but with  identical electrical
properties.
Using SPS,  some authors  have  already densified  pure ZnO
and Bi2O3 doped  ZnO  nanopowders.14 They  observed a  Bi2O3
reduction  phenomena  when  the sintering temperature reached
600 ◦C,  resulting in  the  appearance  of Bi  metal  mainly at grain
boundaries. The authors  found  out  that this reduction  is perfectly
reversible by post-annealing the ceramics  in  air  at  650 ◦C  for
10 h.  The coefficient  of nonlinearity  of these  samples  was low
(between 3.6  and 5.8)  as a consequence  of  the simple  binary
composition.
To induce the “varistor” behaviour  in ZnO-based  ceramics  a
heavy  element  with  a  large  ionic  radius has  to be introduced.15
This  heavy element  is  able  to  segregate  at the  grain boundary
and to form  an  electronic conduction  barrier  between  n-type
semiconductive ZnO  grains.  Bismuth,  a dopant present in most
commercial varistors,  acts at  the  grain boundary,16 due to the
emergence of  a  liquid phase of Bi2O3 at  approximately  820 ◦C
that promotes  grain  growth  during  sintering. Particular  attention
has to be paid  with bismuth  because  of its high  volatility dur-
ing the sintering  process.  Antimony,  meanwhile,  is a dopant that
inhibits grain growth through  the  formation  of  spinel Zn7Sb2O12
usually  located  at  grain boundaries.17 Both  nickel  and anti-
mony improve the stability of the  varistor.  Cobalt and manganese
oxides cause an  increase in  the  barrier height  and  the resistivity
of the  material.18,19
In  the  present study,  a ZnO  powder doped with  Sb2O3,  Bi2O3,
Co3O4,  NiO  and  Mn2O3 as  in  the  preparation  of commercial
varistors  by Tridelta Parafoudres  Co. Ltd.  was densified  by SPS.
A second powder, of the same  composition,  but  synthesized  by
coprecipitation, was  studied.  The  aim of this work  was  to obtain a
doped  powder with a smaller  ZnO grain  size  and  distribution  and
better  dopant  homogeneity.  Both  powders  were sintered  by SPS
and the structure  and microstructure  of  the  two sets of ceramics
was determined and correlated to  their electrical  properties.
2. Experimental  procedures
First, ZnO powder  doped with  Bi,  Sb, Co, Mn  and Ni
was prepared  by  co-precipitation  of  an  oxalate  precursor.  A
schematic representation  of the synthesis  is  shown  in  Fig.  1.
The starting materials  for  the  synthesis  of  doped Zn oxalate
precursor were  zinc  nitrate (Zn (NO3)2·6H2O, 98%,  Alfa
Aesar), bismuth  nitrate  (Bi  (NO3)2·5H2O,  98%, Alfa  Aesar),
cobalt nitrate Co(NO3)2·6H2O,  98%,  Alfa Aesar), manganese
nitrate (Mn(NO3)2·6H20,  98%,  Alfa  Aesar), nickel  nitrate
(Ni(NO3)2·6H2O,  98%,  Fluka)  and  antimony trichloride  (SbCl3,
99% Merck).  Solution  1 was prepared  by dissolving  Zn, Bi,
Co, Mn and  Ni  salts  in deionized  water.  Bismuth  nitrate  was
dissolved  in 1  M HNO3 before adding it to solution  1.  The
acidic pH avoided  precipitation of basic  bismuth  nitrate. The
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Fig. 1. Schematic representation of the synthesis.
metal  concentration  was fixed at  4 M.  Solution  2  was  prepared
by dissolving  antimony chloride  in 4  M hydrochloric acid.  Two
solutions of  0.2 M ammonium  oxalate  ((NH4)C2O4·H2O)  were
used as  precipitants. The  pH  of  one  of them was adjusted  to
9.3 by adding NaOH.  This gave  a pH  of around  7 at  the  end
of the  precipitation reaction  which promotes the  smallest  and
most homogeneous  ZnO  grain size.20 Solutions  1 and 2 were
introduced simultaneously  into  this  ammonium  oxalate solution
to initiate  nucleation.  After stirring for  1  min,  the second solution
of ammonium  oxalate  was added.  This  second  precipitation  pro-
moted crystal  growth.  After stirring for 15 min,  the  precipitates
were washed  with  deionized water and dried  at  80 ◦C for 22 h.
IPC analyses confirm  that the powder synthesized had the  same
composition  as  the  commercial  powder.  The  precursors  were
calcinated in ambient  atmosphere  at 500 ◦C  for 1 h  in static  air.
The calcinated  powder was ground  and sieved.
The  samples  were  sintered  using  a Dr Sinter 2080 spark
plasma sintering apparatus  (Sumitomo  Coal  Mining  Co. Ltd.,
Japan) available  at  the “Plateforme Nationale  CNRS  de Frittage
Flash” (PNF2-CNRS) located  at  Toulouse (France).  The  pow-
der was  introduced  in an 8 or 20 mm inner  diameter graphite
or tungsten  carbide die  lined  with 0.2 mm  thick graphite  foil
(Papyex-Mersen)  then pre-compacted  and  placed  in the  SPS
chamber. A pulse  sequence  of  12:2 was applied to heat  the sam-
ple. The  temperature  was monitored  using a thermocouple in a
hole 1.8  mm  in diameter and 3  mm  deep located at the  exter-
nal  surface  of  the die.  Uniaxial  pressure  was  applied at room
temperature or  at  the dwell temperature.
The  structure  and the  nature  of the phases  present  in  the
powder and the ceramics  were  determined  by X-ray  diffraction
(XRD) using a  Bruker  D4  Endeavor  X-ray  diffractometer.  The
powder  and the  ceramics were observed  by  scanning electron
microscopy (SEM). The  grain  size,  the morphology  of the  pow-
der as  well  as  the  phase distribution  and the microstructure of


























Fig. 2. X-Ray diffractogram of the commercial powder (dZnO, Bi2O3, Sb2O3,  Co3O4,  NiO). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
The  rate of densification  of the  ceramics  after  sintering was
evaluated by  using a  hydrostatic  balance  (Kern ARJ  220-4M)
and by  geometric  measurements (when  the sample  had  a densi-
fication  lower than 92%).
Prior to  electrical  measurements,  the  pellet  was  slightly pol-
ished,  and then  gold  electrodes (30  nm  thick) were deposited by
sputtering on  each  side  of  the  pellet. The  electrical  character-
istics of  the varistors  were studied using a  source  measure unit
(SMU) Keithley  2410  or a high voltage  generator  FUG  HCN
6.5 kV for  voltages higher than  1100 V available at  the  Laplace
laboratory. The  threshold voltage  VS was measured  for a cur-




Log (V 2/V  1) (1)
where V1 and V2 are the  electric fields corresponding  to
I1 =  1 mA and I2 =  10  mA.  The  leakage  current  If was  measured
for a voltage  equal to  VS/2.
3.  Results
3.1.  Commercial powder
The  commercial  oxide  powder was  produced by  Tridelta
Parafoudres  S.A. The dopants  present  in the  ZnO phase  were
Sb2O3,  Bi2O3,  Co3O4,  NiO and  Mn2O3.  For confidential  rea-
sons, the actual  percentage of the dopants  cannot be given.
The X-ray diffraction  pattern  of the  initial  powder (Fig.  2)
shows the  strong  diffraction  lines  of the major ZnO  phase  and
the  weak  lines  of the four  additional oxides: Sb2O3,  a-Bi2O3,
NiO and  Co3O4. Mn2O3 was  present at levels  below  the limit
of detection  of  the  device.
SEM-FEG  observations  (Fig. 3) show a heterogeneous  mor-
phology and an  obvious  wide grain  size distribution,  with  grain
sizes ranging  from 0.3 to 1 micron.
In order to obtain  dense  ceramics  at  low  temperatures, the
sintering was carried  out  by spark  plasma  sintering  (SPS).
Several parameters of the  sintering  procedure were  optimized,
i.e. the dwell temperature  (700 <  T < 1100 ◦C), the  dwell time
(0 <  t  < 15 min),  the  compacting  pressure (50  <  P <  130 MPa)
applied at room  temperature  or  at  the  dwell  temperature, the
sintering  atmosphere  (vacuum  or argon), the heating  rate (100
or 200 ◦C/min).
Fig.  4 shows  how  the relative  density  of  the ceramics  varied
as a function of  the sintering temperature.  An  optimum  rela-
tive density between 99  and 100%  was  obtained for  a  sintering
temperature  of 870 ◦C.
For  each  temperature, the other  parameters  were varied, and
the structure and the microstructure  of the ceramics  checked. The
heating rate,  the  applied  pressure,  and the sintering  atmosphere
(vacuum  or  argon)  had a relatively low  influence on the  com-
position and the microstructure of  the ceramics.  The  ceramics
were characterized  by X-ray diffraction  analyses.  Three  phases
can be indentified:  ZnO,  Zn7Sb2O12 and  metallic  Bi (Fig.  5).
Metallic Bi results  from the  reduction  of Bi2O3.  Indeed, the use
of a  graphite die implies  working  at  low  oxygen partial  pres-
sure  (under vacuum  or  inert gas) to prevent  its  degradation.  At
high temperature this then  leads  to  the  reduction  of part  of the
Bi2O3 into  metallic  bismuth.14 The  presence of metallic  Bi is  of
Fig. 3. SEM micrographs of the commercial powder.




























Fig. 4. Variation of the relative density of the ceramics obtained versus the sintering temperature, for various conditions (  :  100  MPa under vacuum 5 min 100 ◦C/min
Load applied at room temperature, : 100 MPa under vacuum 5 min 100 ◦C/min Load applied at dwell temperature, : 100 MPa under vacuum 0 min 100 ◦C/min
Load applied at room temperature, ⋆: 100 MPa under vacuum 1 min 100 ◦C/min Load applied at room temperature, + 100 MPa under vacuum 15 min 100 ◦C/min
Load applied at room temperature, : 50 MPa under vacuum 5 min 100 ◦C/min Load applied at room temperature, :  100 MPa under vacuum 0 min 200 ◦C/min
Load applied at room temperature, :  100 MPa Ar 0 min 100 ◦C/min Load applied at room temperature, :  100 MPa Ar 5 min 100 ◦C/min Load applied at room
























Fig. 5. XRD diffractogram of ceramics sintered SPS at 870 ◦C (•ZnO, Bi, Zn7Sb2O12).  (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

























Fig. 6. XRD diffractogram of ceramics sintered by SPS at  870 ◦C and annealed at 750 ◦C (•ZnO, Bi2O3,  Zn7Sb2O12).  (For interpretation of the references to
colour in this figure legend, the reader is referred to  the web version of this article.)
course  not desired  in  the  formulation  because  it  is a  conductor.  In
order to reoxidize metallic  Bi into  Bi2O3,  the ceramics are  then
annealed in  air.  Previous  work showed  that metallic  Bi present  in
doped ZnO  sintered  by SPS14 can be  reoxidized  into  Bi2O3 after
annealing  in air  at 750 ◦C for  10  h at  a  heating  rate of  1 ◦C/min.
In fact,  three  phases  are  observed:  ZnO,  Bi2O3 and  Zn7Sb2O12
after  annealing  the  samples  under the  same  conditions
(Fig.  6).
SEM observations of the  pellets  sintered  at 870 ◦C under
vacuum, with  dwell  times  of 0, 1 and  15 min, a heating rate
of 100 ◦C/min and cold compaction  at  100  MPa  are shown
on Fig.  7.  The zinc  oxide phase  exhibits  grain  sizes  of about
1 mm,  4  mm and  8 mm, respectively,  for  dwell times of 0, 1 and
15 min.  Moreover, small grains,  about  a  few tens  of nanome-
tres, were  observed  and indentified  by  EDS  analyses as the
Zn7Sb2O12 phase.  BS-SEM  observation  on polished  sample sin-
tered at 870 ◦C under vacuum, without  dwell  time,  a heating
rate of  100 ◦C/min and  cold compaction  at 100 MPa  (Fig.  8)
shows the  three phases  characteristics  of  a varistor: the  ZnO
grain appear  in dark  gray, spinel  phase  in  light gray  and the
bright  elements are Bi2O3. Unfortunately  the  microstructure
(grain  size  and  phase distribution)  is  less visible  than  on the
fractured samples presented  on  Fig.  7 of  the  article. We  have
attempted several  conditions  for both  chemical  and  thermal
etching on the dense samples  to  reveal the  grain boundaries
without  any success  due  to  the  high  volatility  of  the  Bi2O3
species.
3.2.  Co-precipitated  powder
In  order  to reduce  the grain  size  and the  grain  size  distri-
bution and to  improve  the distribution  of dopants, an oxide
powder of the  same composition  as the  commercial  powder,
was obtained  by  co-precipitation  followed  by calcination.  Fig. 9
shows the microstructure  of  the  calcinated  powder.  The  grains
have a regular, more  or  less  cubic  shape.  The  average grain  size
is approximately  700 nm.  At  high magnification,  crystallites of
about 20  nm are visible  in the grains.
X-Ray diffraction  (XRD)  of the  co-precipitated  powder
(Fig.  10)  shows  the  zinc  oxide  phase  and two antimony oxide
phases (Sb2O3 and  Sb2O4).  The  two antimony  oxide forms  were
explained by  Peiteado  et  al.,  as  they have  shown  that at 500 ◦C
Sb2O3 is  oxidized into  Sb2O4 (Sb2O3 +  1/2O2 →  Sb2O4).21 In
our  case,  Sb2O3 was not completely  oxidized. The  other dopants
i.e. Bi2O3,  Co3O4,  NiO  and Mn2O3 were  not  detected  by X-Ray
diffraction analyses.  The  larger  width  of  the  peaks  of the  synthe-
sized powder,  compared  with the commercial  powder,  indicates
smaller crystallite  size.
At first,  the powder  obtained by  the chemical  route  was sin-
tered by  SPS  using  the  same  conditions as those  established
for commercial  powder (870 ◦C, no  dwell,  applied pressure  of
100 MPa,  vacuum).  During the sintering, thermal  shrinkage was
monitored  by a dilatometer.  Fig.  11  shows  the  sintering profiles
of both powders.  The densification  of  the  commercial  powder
starts at 700 ◦C,  while the  shrinkage of the synthesized powder
starts at temperatures  as  low  as 200 ◦C. The  lower temperature  of
Fig. 7. SEM micrographs fracture of pellets sintered at 870 ◦C with a dwell time
of (a)  0 min (b) 1 min(c) 15 min.
the onset  of densification  start  was  explained  by  the  smaller  grain
size of the  synthesized  powder, involving  higher  densification.
The thermal  shrinkage curves  showed  that it  was  possible
to sinter  the  synthesized  powder at very low  temperatures.  In
Fig. 8. BS SEM polished micrograph of pellet made from commercial powder
sintered at 870 ◦C, 100 MPa and 0 min under vacuum atmosphere.
Fig. 9. SEM (a) and FEG-SEM (b) micrographs of the doped ZnO co-
precipitated powder.
Table 1












400 3 500 5.45 96.5
500 3 250 5.50 97.3
600 3 250 5.56 98.4
this  case,  three  sintering  temperatures  were chosen:  400 ◦C,
500 ◦C and 600 ◦C, with  a dwell time of 3  min.  Decreasing
the sintering  temperature  involved  increasing  the  compacting
pressure (250  MPa  and 500  MPa)  to obtain dense samples. High
compacting  pressure  implied  the  use  of  a  tungsten carbide die,
known to  be pressure  resistant.  Then, sintering could  be per-
formed under  air  atmosphere,  and  the  reduction  of  bismuth  oxide
into metallic  bismuth  should  be avoided.  However  the  X-Ray
diffraction analyses carried out on the  pellets  still showed  the
peak of  metallic  Bi (Fig.  12),  but smaller.  It  was therefore  still
necessary to anneal  the  pellet after sintering to  reoxidize  the
metallic Bi. Moreover,  the  X-Ray  diffraction  analyses  indicated
the  ZnO  phase  and the  spinel  phase Zn7Sb2O12 (Fig.  12). It  can
be noted  that a temperature  of  400 ◦C  is not  enough to allow
complete reaction  between  Sb2O4 and  ZnO to form the  spinel
phase.
The  densifications  of the  pellets are  high, between  96 and
98%, whatever  the  sintering  conditions (Table  1).  SEM  obser-
vations  (Fig.  13) were  performed  on the  pellet  sintered  at  600 ◦C.
The ceramic  grain  size  ranged  from  0.3 to 0.6 mm,  which was
lower than  that of  pellets  prepared  from  the commercial  powder
(1 mm). This ceramic  with such  small grain size  is obtained  due
to the moderate growth of  the  crystallites  occurring at  so  low
sintering temperature.  Fig.  14 BS-SEM  observation  on polished
pellet  sintered  at 600 ◦C. This image  shows  the ZnO grains  in
gray and the Bi-rich  phases  in white.
4.  Electrical  characterization
4.1.  Influence  of the dwell time  during  sintering  of the
commercial powder
The  electrical  characteristic  curve  log J (current  density) vs
log  E  (electrical  field)  obtained  at  room  temperature  for  the pellet
sintered  by  SPS  at  870 ◦C, with  a dwell  time ranging from  0 to
15 min, with  a pressure of  100  MPa  and subsequently annealed
in air at 750 ◦C  for 10  h is  reported  in  Fig.  15.  A  varistor  effect
is clear. Indeed, a  strong nonlinear  behaviour  is  seen  in  a  wide
range of  voltages  with a significant  change  in slope.  The  main
electrical  characteristics  are  reported in Table 2.
The  electrical  field decreases  as  the grain  size  increases.
Indeed, if  grains are  smaller,  there  are  more  ZnO  grains per unit
volume  and  so,  more potential barriers  per  unit  volume.  This
characteristic is  particularly  interesting because  it  shows that
the threshold  field can  be  optimized  by  controlling the  dwell
time.






























Fig. 10. X-Ray diffractograms of (a) commercial powder (•ZnO, Bi2O3, Sb2O3,  Co3O4, NiO) and (b) synthesized powder (•ZnO, Sb2O3, +Sb2O4). (For























Fig. 11. Sintering profiles of (a) commercial powder (b) synthesized powder.






























Fig. 12. XRD diffractograms of pellets made from synthesis powder sintered by SPS at (a) 400 ◦C 500 MPa, (b) 500 ◦C 250 MPa (c) 600 ◦C 250 MPa (•ZnO, Bi,
Zn7Sb2O12, + Sb2O4). (For interpretation of the references to colour in this figure legend, the reader is referred to  the web version of this article.)
              
Table 2
Electrical characteristics of the commercial powder sintered with different dwell times.
Sintering
temperature (◦C)
Dwell time (min) Pressure (MPa) Grain size (mm) E* (V/cm) α  If (nA)
870 0 100 1 880 27 1900
870 1 100 4 500 50 1430
870 15 100 8 260 37 1070
* E: breakdown field.
Table 3
Electrical characteristics of the commercial and the synthesized powder sintered in different conditions.





Grain size (mm) E* (V/cm) α  If (nA)
Commercial 870/1/100 750/10 1–2 880 27 1900
Synthesized 870/1/100 750/10 2–3 1182 28 2440
Synthesized 600/3/250 580/10 0.3–0.6 >2300
* E: breakdown field.
Fig. 13. SEM fracture micrographs of pellets made from synthesized powder
sintered at 600 ◦C and 250 MPa.
4.2.  Influence  of the powder and the SPS  parameters
In  order to  improve  the characteristics  of the  varistor,  a
ZnO based  powder was  synthesized and sintered  by SPS  at
low temperature  (600 ◦C)  under air  atmosphere.  Varistors  with
very small  grains were prepared.  The  electrical  characteristics
curve of these  varistors is reported in  Table 3 and  Fig.  16.
This figure  also  reports the  characteristics  of the  commercial
and the  synthesized  powder sintered at  higher  temperatures
(870 ◦C).
The  varistors  prepared from  the synthesized  powders  and
sintered  at  low  temperature  presented an electrical  field  that
was significantly  higher than that of  ceramics  prepared from
commercial powders.  A value of more  than  2300 V/cm (this
value was limited by  the  equipment used)  was noted  in  the
varistor sintered  at 600 ◦C.  In the  case of varistors  sintered  at
870 ◦C, those obtained from the  synthesized powder  showed a
Fig. 14. BS SEM polished micrograph of pellet made from synthesized powder















































Fig. 16. E–J characteristics of pellets sintered by SPS: (d) commercial powder SPS sintered (870 ◦C, 100 MPa, 1 min) under vacuum, (e) synthesized powder SPS
sintered (870 ◦C, 100 MPa, 1 min) under vacuum, and (f) synthesized powder SPS sintered (600 ◦C, 250  MPa, 3 min) under air atmosphere.
higher  breakdown voltage than  those  prepared from the  com-
mercial powder,  although its grain size  was  higher. The  more
homogeneous dopant distribution  in  the  ceramic  probably
explains this result.
5.  Conclusion
Nano-sized ZnO-doped  powder  was synthesized by coprecip-
itation. It  was  sintered  by SPS  at  low  temperature,  i.e.  600 ◦C,
with high  compacture pressure  (250  MPa) and under an  air atmo-
sphere. Sintering of  small  grains at  low  temperature yielded
varistors with  very  low grain  size: 300–600 nm.  In this case,
the threshold  field was increased from  880 V/mm  to  more  than
2300 V/mm. Controlling the  grain  size allowed  the threshold
field to be  optimized.
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